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Introduction
NASA is developing advanced space-rated vacuum seals to seal the interfaces between docked or mated vehicles and structures for future space exploration missions. These seals can be relatively large with diameters on the order of 50 to 60 in. (127 to 152 cm) and must exhibit extremely low leak rates to ensure that the astronauts have sufficient breathable air for extended missions to the International Space Station (ISS) or the Moon, for example. Mating can occur in an androgynous seal-on-seal configuration in which both sides of the interface have seals installed or in a seal-on-flange configuration with a seal on one side of the interface and a flat, smooth metal flange on the other. Figure 1 illustrates both of these configurations for a candidate Gask-O-Seal design (Parker Hannifin Corporation, San Diego, CA). When two vehicles or structures mate during a mission, the seals at the interface between them will generate loads when they are compressed. To stay within the capabilities of the mechanisms that join the two vehicles together, the seal loads must stay below prescribed limits so that full closure can occur without overloading the mechanisms. When it comes time for the two mated systems to separate, the seals must exhibit very low adhesion forces to allow separation to occur. If the seal adhesion loads were too high, the ability of the systems to separate could be restricted.
Test Apparatus Design Goals and Requirements
To evaluate the performance of candidate seals under representative operating conditions, the NASA Glenn Research Center (GRC) has developed a new test apparatus that is capable of measuring leak rates, compression forces, and adhesion loads of candidate full-scale seal designs under simulated thermal, pressure, and engagement conditions. This paper describes the main design features of the test apparatus as well as techniques used to overcome some of the design challenges.
To guide the design of the test apparatus, a series of requirements was defined which are summarized in this section. Subsequent sections will address how these requirements were achieved.
Mating Conditions and Interface Characteristics
Because seal mating may occur in either a seal-on-seal or seal-on-flange configuration, the test apparatus had to be capable of performing tests in both mating arrangements. To achieve vacuum level sealing, a maximum surface roughness of 16 µin. (0.41 µm) has been recommended (Ref. 1). Therefore, sealing surfaces on the test apparatus had to have surface finishes of 16 µin. or better. The sealing surfaces on both sides of the interface also had to be precisely aligned so that the amount of compression on the seal test specimens could be carefully controlled.
Different Seal Designs and Sizes
Various seal designs are being developed for future applications, each with its own unique cross section. To accommodate these different designs, the test apparatus had to be capable of evaluating seals of different sizes including diameters as large as 60 in. (152 cm) and compressed seal heights up to 0.300 in. (0.762 cm).
Thermal Conditions
The test apparatus had to be able to heat and cool the seal test specimens to simulate the thermal conditions that they would experience during a mission. This includes the following scenarios:
a. Both seals heated to at least 122 °F (50 °C), b. Both seals cooled to at least -58 °F (-50 °C), c. One seal heated to 122 °F and the other one cooled to -58 °F, d. Half of each seal heated and the other half cooled.
To achieve these conditions, the heating and cooling of each seal had to be done independently. Performing tests at cold temperatures required provisions to prevent condensation and ice from accumulating on the hardware during testing.
Pressure Conditions
The test apparatus had to be able to generate pressure differentials across the seals to simulate operating conditions in space. The nominal pressure differential across the seals was expected to be equivalent to atmospheric pressure with the inner diameter of the seals pressurized to approximately 14.7 psia (101 kPa) and the outer diameter under vacuum pressure. To simulate these conditions, the test apparatus had to be able to generate a pressure on the order of 14.7 psia in the cavity inboard of the inner diameter of the seals while pulling a vacuum around the outer perimeter of the seals.
Seal Leak Rates
The test apparatus needed to be able to measure seal leak rates at the nominal pressure differential of 14.7 psid across the range of temperatures noted above. Under the pressure conditions described above, acceptable seal leak rates were expected to be on the order of 1×10 -4 to 1×10 -2 lbm dry air/day thereby requiring accurate leak measurement systems.
Seal Loads
The test apparatus had to be able to compress the seal test specimens under the specified thermal conditions and measure the mechanical loads generated by the compressed seals. Forces on the order of 100 lbf per in. (175 N per cm) of seal were anticipated resulting in total compression loads on the order of 35 to 40 kip for a pair of seals approximately 60 in. in diameter. In addition, the actuation system for the test apparatus needed to be capable of maintaining the seals in a compressed state with the cavity inboard of the seals pressurized during a leak test. Since seal adhesion forces were also of interest, the test apparatus had to be able to measure the amount of load required to unload and separate a seal test specimen from its mating surface at the end of a compression test or between compression cycles. Seal adhesion forces as low as several hundred pounds were anticipated.
Engagement Conditions
In some applications, seals may not be fully compressed when they are mated resulting in joint separation at the sealing interface. The test apparatus had to be capable of testing seals in either a fully compressed condition or in a partially compressed state with the distance between the sealing interfaces as large as 0.030 in. (0.076 cm).
Instrumentation
The test apparatus required instrumentation to record seal leak rates and load data during testing. Pressure transducers were needed to measure pressure differentials across the seals at simulated operating conditions in space. Thermocouples were needed to measure the temperature distribution around each seal during testing. As noted above, load cells had to have the capacity to measure seal compression loads of 40 kip or more while also being sensitive enough to record seal adhesion loads in the hundreds of pounds in the tensile direction.
Health monitoring instrumentation was also required to ensure that pressures and temperatures in the test apparatus stay within predetermined safe ranges. Also, since the test apparatus was being designed to generate high compression loads, a safety system was needed to ensure that operators would not be injured during testing.
Test Apparatus Design and Attributes
The new test apparatus consists of a specially-designed test fixture integrated into a custom load frame ( Figure 2 ). The design meets the aforementioned requirements and is capable of performing compression, adhesion, and leak tests on a variety of candidate seal designs and sizes in either a seal-onseal or seal-on-flange mating configuration. Tests can be performed under the desired thermal, pressure, and engagement conditions mentioned previously. Instrumentation is located throughout the test apparatus to quantify seal performance during testing and for health monitoring purposes. The following sections describe how the design goals were met for this test apparatus. 
Load Frame
At almost 17 ft tall, the main structural element of the new test apparatus is a custom 600 kN load frame designed and built by Instron Corporation (Norwood, MA) ( Figure 3 ). It includes an overhead mounted hydraulic actuator capable of generating up to 112.5 kip (500 kN) in compression and 18 kip (80 kN) in tension. The actuator was sized so that it could compress the seal test specimens and the large O-rings that seal the cavities inboard and outboard of the test seal during a leak test. It is also capable of maintaining all these seals in a compressed state while the cavity inboard of the seals is pressurized during a leak test. The actuator rod passes through the upper base plate and connects to the movable crosshead on which the upper half of the test fixture is installed. The actuator has a 54 in. (137 cm) stroke allowing it to raise the upper half of the test fixture between tests to permit access for seal test specimen installation and test fixture maintenance.
The upper and lower base plates are supported by four columns to form a stiff structure against which test forces can react. The load frame and actuator are both sized so that they can withstand a moment load of 6000 in.-lb (i.e., 100 kip at 0.06 in. off center) to accommodate off axis loading conditions. The movable crosshead travels along the four columns on zero backlash bronze bushing assemblies that align the upper and lower halves of the test fixture to a parallelism of 0.001 in. per horizontal linear ft.
Upper and lower T-slotted plates are mounted on both the movable crosshead and the fixed lower base plate, respectively ( Figure 3 and Figure 4 ). The seal test fixture hardware is secured to these plates using bolts that are threaded into T-slot nuts that are inserted into the T-shaped grooves. The upper surface of the lower T-slotted plate and lower surface of the upper plate were both machined to a flatness of 0.002 in. Alignment holes in the center of each plate allow the upper and lower test fixture hardware to be aligned to the T-slotted plates to within 0.002 in. diametrically. The alignment holes and tight tolerances on flatness and parallelism allow the upper and lower halves of the test fixture to be aligned very precisely and provide a repeatable testing platform. Great care was taken in the design and fabrication of the load frame and test fixture to present a uniform engagement condition to the seal test specimen and to minimize bending moments on the test hardware and load frame.
An Instron 8800 Control Electronics Tower controls the load frame and provides signal conditioning and data acquisition during testing. The testing process is controlled by Partner Materials Testing Software provided by Instron. The controller is capable of controlling the speed of the actuator to within 0.001 in./s, and the software allows unique position versus time profiles to be input to simulate mating profiles during a mission.
Base Support Structure
Because the heavy load frame was originally only supported by I-beams below the lower base plate, there was a concern that locally high loads could be transferred to the floor of the laboratory thereby causing local settling and disturbing load frame stability. To overcome this potential issue, a support structure was designed and fabricated to serve as the base below the load frame to more evenly transfer loads to the laboratory floor ( Figure 3 ). The analyses performed for the base support structure will be discussed in more detail in Section 4.0.
In addition to distributing the weight of the test apparatus on the floor, the base support structure includes features to aid in lifting and moving the test apparatus. A pair of slots is included in the front of the structure to allow the forks of a forklift to slide into the base (Figure 3 ). Also, pairs of holes are included on both sides of the structure so that lifting eyes can be installed. 
Test Fixture
The basic design of the test fixture is very similar to that for a non-actuated (i.e., static) version of the test apparatus also developed by GRC (Ref. 2). However, the non-actuated version was developed for leak tests only, whereas the new actuated version is capable of performing seal compression and adhesion tests as well as leak tests. This updated version of the test fixture has been customized to allow for integration into the load frame ( Figure 2 ), and it also includes several upgrades based on lessons learned while performing leak tests using the non-actuated version. The main elements of the test fixture are shown in Figure 5 and are described in detail in this section. 
Seal Plate Assemblies
At the mid-line of the test apparatus is a pair of seal plate assemblies (upper and lower) that hold the seal test specimens during testing ( Figure 5 ). Each seal plate assembly is composed of a seal cartridge, a pair of heat exchanger plates, a pair of manifolds to distribute heat transfer fluid through the plates, and an assortment of O-rings that seal off various volumes in the test fixture ( Figure 6 ).
To accommodate the variety of candidate seal sizes and designs that may be evaluated in the test apparatus, the seal cartridge contains a wide, annular pocket with an inner diameter of 47. Figure  7 ). This unique depth profile was included so that a particular Gask-O-Seal design with a 54 in. outer diameter could be evaluated in the test apparatus. Different bolt patterns can be machined into this region so that seals of different sizes can be tested. Although the initial build was designed to test specific seals, the modular design of the test fixture allows different seal cartridges to be fabricated with other annular pocket designs to evaluate different seal designs.
The modular nature of the seal cartridge allows both seal-on-seal and seal-on-flange tests to be performed ( Figure 1 ). For seal-on-seal testing, seal specimens are installed in both the upper and lower seal cartridges, and the seals are compressed against each other during a test (Figure 8(a) ). These seals can be of the same or different designs as long as they are of comparable size and able to compress against each other. Figure 8 (a) illustrates this configuration for two Gask-O-Seals of the same design compressed against each other.
Seal-on-flange tests can be performed two ways. In one configuration, the test seal is installed in the lower seal plate assembly, and an aluminum ring with a smooth, flat surface is installed in the upper assembly (Figure 8(b) ). This ring is made of anodized 7075-T6 aluminum, and its sealing surface has a roughness of approximately 16 μin. with a circular lay. The back side of the ring is sealed by a pair of silicone O-rings to minimize leakage through the interface between the ring and the seal cartridge. The benefit of using a removable ring is that the effects of different surface finishes, coatings, or intentional defects can be evaluated by installing different rings without having to fabricate entirely new seal cartridges. However, the downside of this configuration is that it introduces an additional leak path behind the ring that may not be present in the actual application.
An alternate configuration for seal-on-flange tests utilizes a different upper seal cartridge design, one without the annular pocket and separate aluminum ring (Figure 8(c) ). The flat surface presented to the seal test specimen has a roughness of approximately 16 μin. with a circular lay and a flatness of 0.004 in. or better. This arrangement eliminates the leak path on the back side of the removable ring but does not provide the same level of testing flexibility that the removable ring does. The test apparatus is capable of testing seals in either a fully or partially compressed condition. This is accomplished by controlling the movement of the actuator to either fully compress the test seals or to stop short of full compression such that a gap exists between the upper and lower seal plate assemblies. This gap size can be set using precision pin gages and measured to within ±0.0002 in. by a pair of Heidenhain linear encoders mounted on the sides of the load frame. Since the size of this gap is driven by movement of the actuator and the actuator has a stroke of 54 in., the gap can be of any range of sizes from full compression to any other level of partial seal compression.
The lower seal plate assembly was designed to simulate the required pressure differentials across the seals during testing. Figure 9 shows how on-orbit pressure conditions are generated for seal leak tests. Note that the views shown in Figure 9 are taken from different cross sections through the test fixture because the ports are not all located in the same plane. A cross-drilled port in the cavity inboard of the test seal provides air at approximately atmospheric pressure to this region (Figure 9(a) ). To prevent the entire cavity inboard of the test seal from being pressurized to atmospheric pressure, an O-ring is positioned just inboard of the port to create an annular region of higher pressure. On the outboard side of the seal, a large, 0.83-in. diameter port located near the outer edge of the annular pocket is connected to a vacuum pump to draw the pressure in this region down to a gross vacuum pressure of 100 millitorr or less (Figure 9(b) ). To facilitate this, the cavity outboard of the test specimen is sealed near the perimeter of the seal cartridge by an O-ring. Based on lessons learned during leak tests performed using the non-actuated version of the test apparatus (Refs. 3 and 4), this larger port was included in the new test fixture. During helium leak testing, the port is connected to a helium leak detector. The large port size provides a means for helium gas to more efficiently reach the detector allowing leak tests to be performed more quickly. The region between the elastomer bulbs of the test seal is also connected to a port to allow that area to be evacuated or pressurized during testing (Figure 9(c) ). This arrangement allows a pressure differential of one atmosphere to be generated across either the inner or outer seal for a pair of seals or seal bulbs.
The test apparatus is capable of operating over a range of temperatures from -76 to 140 °F (-60 to 60 °C) thus permitting testing over a wider range than what was originally required (see Section 2.3). The desired thermal conditions for a given test are produced by a pair of heat exchanger plates installed on the back side of each seal plate assembly (Figure 6 (b) and Figure 8 ). A Two-Loop Chiller/Heater, Model 2VLH30W (hereafter referred to as the "temperature control system") produced by Mydax, Incorporated (Auburn, CA) circulates Syltherm HF heat transfer fluid through the plates during testing to heat or cool the test apparatus to the appropriate temperature and maintain that temperature for the duration of the test. The two separate heating/cooling loops of the temperature control system enable it to heat and cool each seal plate assembly independently to achieve test conditions in which the upper and lower seal plate assemblies are heated to either the same or different temperatures. The heat exchanger plates were also designed to heat or cool each half of a seal plate assembly independently by utilizing a configuration composed of two half rings with a thermal break between them ( Figure 6(b) ). The heat transfer fluid is supplied to each heat exchanger plate through a manifold connected to the backside of each plate (Figure 6(b) and Figure 8 ). Once the fluid enters a plate, it flows radially inward toward the inner edge, splits into two symmetric paths that loop out to the ends of the plate, and then flows back along the outer edge to a pair of exhaust ports that return the fluid to the temperature control system ( Figure 10) . A fluorosilicone O-ring installed around the perimeter of the fluid passages contains the heat transfer fluid inside this sealed cavity. This same basic design for the heat exchanger plates was utilized for the non-actuated version of the test apparatus (Ref. 2). However, it did not include the manifolds attached to the backside of the plates. Instead, the heat transfer fluid was delivered through ports drilled directly into the outer edges of the heat exchanger plates ( Figure 11 ). As shown in Figure 11 , the fluid lines in the manifolds are larger than those for the original design. This new design allows the fluid to flow more freely into the heat exchanger plates without restriction. During checkout tests of the system with the manifolds installed, the fluid pressure in the system was on the order of 40 psig compared to about 90 psig for the pressure in the non-actuated test apparatus using the original port design. Also, the fluid flow rate increased to 10 gallons per minute (gpm) compared to about 3 to 4 gpm for the original design. The decreased fluid pressure and increased flow rate decreased the amount of time required to reach the desired test temperature. Using the new manifold design, the test apparatus was able to reach -58 °F (-50 °C) in about 3 to 5 hr whereas the non-actuated test apparatus could take as long as 28 hr to reach -22 °F (-30 °C) using the original design. Additional details on the capabilities of the temperature control system and the selection of the fluid passage layout can be found in the paper by Dunlap 
Insulator Plate Assemblies
Insulator plate assemblies are installed behind both the upper and lower seal plate assemblies to help maintain them at the desired temperature during testing ( Figure 5 ). The material selected for the insulation is an epoxy-impregnated fiberglass laminate phenolic material (G10 FR4) that was also used as the insulating material for the non-actuated test apparatus (Ref. (Figure 12 ) The assembly is composed of eight segments that are bonded together using epoxy.
Although a similar design was used for the non-actuated test apparatus, several modifications were made for the new test fixture to further minimize heat transfer through the insulator plate assemblies. The new design includes pockets machined into the insulator plates to minimize the amount of surface area in contact with the heat exchanger plates. In addition, thin stainless steel shims with a pattern of cutouts are installed between each insulator plate assembly and its adjacent strongback and between each strongback and T-slotted plate to reduce the contact areas between these surfaces ( Figure 5 ). It is believed that these upgrades worked in conjunction with the new manifolds to decrease the amount of time required to reach the desired test temperature.
Strongbacks
The upper and lower strongbacks are the main structures of the test fixture to which the other assemblies attach ( Figure 5 ). Each strongback is made of 6061-T651 aluminum and is 75.50 in. (191.8 cm) in diameter and 2.00 in. (5.08 cm) thick. After the insulator plate assemblies are attached to each strongback, the seal plate assemblies are attached using 32 fasteners per assembly. With the insulator plates installed between the seal plate assemblies and the strongbacks, these elements may reach different temperatures during testing. To accommodate this, Belleville springs are installed beneath the heads of the 32 fasteners to maintain a near-uniform preload on them and to prevent them from being overloaded and breaking as the seal plates and strongbacks move with respect to each other during thermal excursions ( Figure 13 ).
As noted earlier, the lower T-slotted plate has an alignment hole in its center (Figure 4) . A lobed alignment gage ( Figure 5 ) is inserted into this hole and then mated with a similar hole in the bottom of the lower strongback to align the lower half of the test fixture to the lower T-slotted plate to within 0.002 in. radially. Once the lower half of the test fixture is aligned to the T-slotted plate, the upper half is aligned to the lower half using precision gauging. Great care is taken in aligning the test hardware so that seal-onseal tests can be performed with confidence knowing that the seals are aligned accurately. 
Safety System
As noted earlier, the hydraulic actuator on the test apparatus is capable of generating up to 112.5 kip of compressive load. Loads of this magnitude could seriously injure a person should they get caught between the upper and lower halves of the test fixture during testing. To ensure operator safety, designers of the test apparatus implemented a system of S300 safety laser scanners (Sick AG, Waldkirch, Germany) to shut it down if someone were to get too close to it during operation. The safety system consists of three scanners, two mounted on the front corners of the base support structure (Figure 14) and one on the backside of the structure in the center. Each scanner emits a horizontal light screen that scans the region around it, and the three units work together to provide coverage around the accessible perimeter of the test apparatus. The scanners are mounted at different heights at least 2 in. apart to ensure that the beams of adjacent scanners do not interfere with each other. During operation, the scanners have two adjustable ranges that they operate within: a larger region called the warning field and a smaller protective field. If a person or object enters the warning field when the scanners are on, an audible alarm sounds and a warning light flashes to alert the person to move away from the test apparatus. This range is set at 32 in. but can be adjusted if necessary. However, if someone or something enters the much smaller protective field range, the scanners send a signal to the load frame controller to stop the test and shut down. Use of the safety system is intended to keep both personnel and the test hardware safe during testing.
Humidity Enclosure
Because the test apparatus must be capable of performing tests at temperatures as low as -58 °F (-50 °C), condensation and ice could build up on the test hardware when testing at temperatures below the dew point if left unchecked. Excessive ice could prevent the upper and lower halves of the test fixture from closing completely thereby affecting measurements during testing. To minimize ice formation, an enclosure was designed to fit around the test apparatus ( Figure 14) . This enclosure has loosely sealed walls and a port into which dry air is supplied from compressed air "K"-bottles. Before a test begins, dry air at a very slight positive pressure is allowed to flow into the enclosure. The dry air displaces the humid air from the enclosure by forcing it out through narrow passages where the walls of the enclosure meet. Once the humidity has been displaced from around the test hardware, a test can begin with minimal condensation or ice forming. Figure 14. -Photograph of test apparatus showing two of the three safety laser scanners and humidity enclosure installed. Note that the safety scanner on the backside of the test apparatus is not shown.
Instrumentation
Instrumentation is located throughout the test apparatus to quantify seal performance during load and leak testing. Seal compression and adhesion loads are measured by four load cells mounted on the lower base plate below the lower T-slotted plate (Figure 15 ). The load cells are spaced such that each supports one quadrant of the lower half of the test fixture. Each load cell has a capacity of 50 kip. During load testing, the position of the upper half of the test fixture and the amount of compression applied to the test seals are measured very accurately by a pair of Heidenhain linear encoders mounted on the sides of the load frame (Figure 15) . Each device has a stroke of 56.7 in. and an accuracy of ± 0.0002 in.
Seal temperatures are measured by 24 equally-spaced type T thermocouples (±0.036 °C accuracy) divided equally between the two seal cartridges. Those in the lower seal cartridge are installed around the base of the test seal, while those in the upper cartridge are at the base of the opposing test seal or flat ring depending on the test configuration (i.e., seal-on-seal versus seal-on-flange). Additional type T thermocouples measure the air temperature inside the test apparatus enclosure, in the vacuum line, and in the laboratory.
The differential pressure across the test seal is measured during testing by a series of pressure transducers located inboard and outboard of the seal. The pressure on the high pressure side of the test section is monitored by two pressure transducers rated for pressures of 0 to 35 psia (0 to 241 kPa) with a specified accuracy of ±0.75 percent of full scale. The pressure on the low pressure side of the test section is monitored by two vacuum transducers. The vacuum transducers have a range of 0.0001 to 100 torr (1.33×10 -5 to 13.3 kPa) with accuracies of ±5 percent in the 0.001 to 100 torr range and ±10 percent in the 0.0001 to 0.001 torr range. Pressures between a pair of seals or seal bulbs are monitored by two transducers, one rated for the high pressure range and one for vacuum conditions. A barometric pressure transducer (accuracy of ±0.00737 psi) is used to measure the atmospheric pressure in the laboratory during testing. Seal leak rates can be measured by the test apparatus using either of two techniques. The first approach utilizes a mass point technique in which the mass of air within the test section is calculated based on samples of volume, pressure, and temperature measurements over time. A linear least-squares regression of the mass-time population is performed to yield the leak rate of the seal test specimen (Refs. 7, 8, and 9 ). The other leak testing approach utilizes a commercially available helium leak detector to quantify seal leak rates (Ref. 10) . In this method, a constant supply of helium of known concentration is introduced in the region of atmospheric pressure upstream (inboard) of the seal test specimen. The helium leak detector is attached to the cavity downstream (outboard) of the seal. As helium leaks past or permeates through the seal, it flows into the mass spectrometer of the helium leak detector which measures the amount of helium and reports a leak rate.
In addition to instrumentation for seal performance, health monitoring instrumentation is included on the test apparatus in the form of a pressure gauge rated for 0 to 200 psig (0 to 1379 kPa) that is used to measure the water pressure of the cooling line leading to the temperature control system. All of the data recorded during testing is collected using National Instruments data acquisition equipment and LabVIEW software (National Instruments).
Analyses
As the test apparatus was being designed and fabricated, analyses were performed for several of its main elements. The following sections summarize those analyses.
Load Frame Analyses
During fabrication and assembly of the load frame, it was discovered that the upper T-slotted plate experienced unexpected deformations when mounted to the movable crosshead. Measured deformations ranged from as much as 0.005 in. along the sides of the plate to about 0.001 in. across the front surface of the plate. It was determined that these deformations were due to gravitational loads deflecting the plate downward when the crosshead was attached to the actuator rod. These deformations also caused the crosshead to move in an unsteady, shuddering manner as it was actuated along the load frame columns. Because the flatness for the lower surface of the upper T-slotted plate was to be tightly controlled and these deflections were occurring before the test fixture was even installed, this condition was deemed unacceptable.
After identifying the problem, a series of structural analyses was performed to model the deflections and develop a plan to solve the problem. A simplified three-dimensional model was created in ANSYS including the crosshead plate with the upper T-slotted plate attached to it. The plate was supported in the center to simulate attachment to the actuator rod, and gravitational forces were applied. As shown in Figure 16 , the deflections predicted by this analysis are very close to those that were measured on the actual hardware. Predicted deflections of 0.0042 to 0.0044 in. along the sides of the T-slotted plate compared favorably to the measured values of 0.005 in. while predictions along the front of the plate of 0.0007 in. were very close to the 0.001 in. value that was measured on the hardware.
Having established that the model accurately represented the actual hardware, additional analyses were performed on candidate solutions to minimize the amount of deformation in the plates. After evaluating multiple options, it was decided that a box structure should be added to the top surface of the crosshead plate. Box designs of several different heights were analyzed with each utilizing 2 in. thick steel plates to form the walls of the structure. Figure 17 shows the results of analyses performed on 16 and 18 in. tall box structures. Predicted deflections for both designs were on the order of 0.001 in. Based on the results of these analyses, it was decided that a 17 in. tall structure would be used for the final design. Figure 18 shows a photograph of the final structure installed on the top surface of the crosshead plate. After fabrication and assembly of the load frame were completed and it was delivered to GRC and installed in the laboratory, the flatness of the upper T-slotted plate was measured to be 0.004 in. in its asinstalled state. Although this was higher than originally desired, it was deemed acceptable for two main reasons. The addition of the box structure to the top surface of the crosshead plate allowed the crosshead to move smoothly when it was actuated, eliminating the vibrations that occurred with the original design. The second reason was that although the flatness of the T-slotted plates was important, additional test fixture elements were being installed on top of the T-slotted plates, each with their own flatness. It was recognized that thin shims would need to be implemented in the test fixture assembly to achieve the desired flatness and parallelism at the test specimen sealing interface to accommodate minor out of flatness conditions for each of these multiple elements. 
Base Support Structure Analyses
As the test apparatus was being designed, estimated weights for the entire system were as high as 100 kip, and this load was to have been supported by I-beams below the lower base plate of the load frame. Calculations were performed to determine how much pressure would be applied to the floor of the laboratory, and the predicted loads under the I-beams were greater than the maximum allowable uniform live load for the floor of 1860 lb/ft 2 . If the original design using only I-beams for support would have been used, there were concerns that the laboratory floor could settle or crack due to the locally high Ibeam loads thereby affecting the stability and precision alignment of the test apparatus. Therefore, a support structure was designed and fabricated to distribute the weight of the heavy test apparatus more evenly on the floor.
A series of analyses was performed using ANSYS to guide the design of the support structure. The lower base plate, I-beams, and base support structure were all included in the model (Figure 19 ). Note that Figure 19 also identifies the locations for the four load cells on the lower base plate. Because the lower half of the test fixture is supported by the load cells, the deflections predicted by the analyses at these points were of interest. Analyses were performed in which the lower surface of the base support structure was only partially supported by the floor. This was accomplished by implementing nine "virtual support pads" in the model (Figure 20(a) ). These features allowed the analyst to investigate cases in which the structure was supported by various combinations of pads representing hypothetical floor damage scenarios.
The first case that was evaluated simulated a scenario in which the floor under the base support structure had settled and was no longer supporting half of the structure. Figure 20 (a) illustrates how the structure was partially supported by only six of the nine virtual support pads for this case. Even with a 100 kip load applied, the stresses in the structure were very low at 1 ksi or less. The deflections in the structure for this analysis case are shown in Figure 20(b) . The deflection at the load cell location on the left side of the structure that was still supported was only 0.0005 in. On the right side the deflection at the load cell location was slightly higher at 0.0028 in., which was to be expected since this area was no longer supported by the floor. Although the deflections on the unsupported side of the structure were more than those for the supported side, the difference was quite small at only 0.0023 in. The second analysis case simulated an even more aggressive situation in which the base support structure was only supported by three of the nine support points along a diagonal (Figure 21(a) ). As with the previous case, stresses were very low with most of the structure at less than 1 ksi. The predicted deflections shown in Figure 21 (b) were fairly uniform along the diagonal where the structure was supported and increased near the two unsupported corners. Deflections predicted for the load cell locations were similar at 0.0009 and 0.0014 in. indicating that the top of the lower base plate remained relatively flat under this loading condition.
For both analysis cases, the predicted loads transmitted to the laboratory floor were also calculated yielding a maximum predicted load of 1465 lb/ft 2 for the diagonal support case. This was below the maximum allowable uniform live load of 1860 lb/ft 2 indicating that the new base support structure was more effective at distributing loads across the laboratory floor than the original I-beam design. 
Test Fixture Analyses
Analyses were performed on the test fixture hardware to ensure that it could withstand the applied loads during testing. The model that was created in ANSYS focused on the lower half of the test fixture and included the seal plate assembly (seal cartridge and heat exchanger plates), insulator plate assembly, strongback, and T-slotted plate (Figure 4, Figure 5 , and Figure 6 ). The loads used in the model simulated a case in which a seal test specimen was compressed and leak tested. The seal test specimen was modeled as a pair of 60 in. diameter seals with a stiffness of 100 lbf/in. Compressive loads from O-rings inboard and outboard of the test seal were also applied (Figure 7) , and the cavity between the inner O-ring and inner test seal was pressurized to simulate a leak test (Figure 9(a) ). For conservatism, a pressure of 17 psig was used. For additional margin, a factor of 1.5 was applied to each load, resulting in a total force applied to the hardware of 103.6 kip. In addition to these testing loads, standard gravity was applied to the hardware.
The predicted peak stresses and factors of safety for each test fixture component in the model are summarized in Table 1 . Material yield and ultimate strength properties used for the analyses came from References 5, 6, and 11. As seen in the table, stresses in the seal cartridge, heat exchanger plates, insulator plate assembly, and strongback were all very low at 1.3 ksi or less, and factors of safety were all very high at 26.9 or greater. Peak stresses in the T-slotted plate were higher than those for the other components, but they were very localized where the plate was supported by the four load cells (Figure 22 ). Even at these higher predicted stresses, the factors of safety for the T-slotted plate were still 4.1 for yield strength and 5.3 for ultimate strength. At these low stresses, deflections in the test seal region were minimal at 0.003 in. or less. Based on the results of these analyses, the test fixture hardware was considered to be quite robust and capable of withstanding the anticipated loads during seal performance testing. 
Summary
NASA is developing advanced space-rated vacuum seals in support of future space exploration missions. These seals can have diameters on the order of 50 to 60 in. (127 to 152 cm) and must exhibit extremely low leak rates to ensure that astronauts have sufficient breathable air for extended missions to the ISS and beyond. Seal compression and adhesion loads must also be below prescribed limits so as not to overload the mechanisms that compress them during docking or mating and to allow two mated systems to separate when required. GRC has developed a unique test apparatus to measure leak rates and compression and adhesion loads of candidate full-scale seals under simulated thermal, vacuum, and engagement conditions. This system consists of a specially-designed test fixture integrated into a custom load frame. Modular seal cartridges allow a variety of candidate seal designs and sizes to be tested in either a seal-on-seal or seal-on-flange mating configuration. Seal load and leak tests can be performed over a range of temperatures from -76 to 140 °F (-60 to 60 °C). Leak rates can be measured for fully or partially compressed seals using either a mass point technique or a commercially available helium leak detector at pressure differentials that the seals will experience on-orbit. Instrumentation located throughout the test apparatus measures seal performance including seal compression and adhesion loads, leak rates, pressures, and temperatures in addition to monitoring test apparatus health.
Development of this one-of-a-kind, full-scale seal test apparatus is a major accomplishment. It will be an asset to both NASA and international partners supporting advanced seal development and evaluations as well as qualification testing of full-scale seals for current and future space exploration vehicles. Once advanced seals are in use aboard an operational system, the test apparatus can also be used to assess onorbit anomalies if needed.
